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been primarily focused on short-range communications within lOm, a provision is given in the Bluetooth specification' [I] to extend the communication range to about l0Om by using a higher transmit power. Bluetooth devices having a maximum output power of l00mW for supporting a lOOm transmission range are categorized as power class I. The extended transmission range is advantageous in the application of class-I Bluetooth devices for indoor cordless telephony in that the user can be benefited from wider coverage, greater user mobility, and more convenience. Since indoor cordless phones are usually operated by batteries, and the phones are generally used for conversation for a time of minutes or even tens of minutes, minimizing the transmit power while maintaining an acceptable performance is of considerable importance.
Feedback power control specified in the Bluetooth specification [ I ] can he used to minimize the transmit power of class-I devices. The specification [I] states that the Golden Receive Power Range (GRPR) has a nominal value of 20dB. In this paper, the first objective is to show that further transmit-power reduction is possible by reducing the GRPR. In particular, it is shown that more than 4dB reduction in the mean transmit power can usually be obtained for a lognormal-shadowing channel* by lowering the GRPR to 10dB. Despite this merit, using a smaller GRPR has a disadvantage that the frequency of making power-adjustment requests is increased, thereby pre-empting more voice packets for making these requests and thus affecting the voice quality The second objective of this paper is to characterize and compute the overhead cost due to making power-adjustment requests. This overhead cost is defined as the percentage of the total number of packets used for power-adjustment requests.
In addition, we investigate if this cost can be reduced by utilizing an unexploited field in the power-control com- 
(not used)
Step size A 2dB to 8dB
Note: n, is the number of bits in the reserved bytes of the LMP power-control commands used to convey additional information to the transmitter mand payload. It is shown that with this arrangement the overhead cost can be made to he less than ahout 0.3% when the nominal value of GRPR is reduced to IOdB. Since this overhead cost results in a voice-quality degradation that can be considered acceptable for speech transmission, these two results provide positive momentum to use a smaller GRPR for class-I Bluetooth-enabled indoor cordless phones.'
This paper is organized as follows. Section I1 reviews Bluetooth's power-control algorithm and elaborates the conditions that are considered for investigation. In
Section Ill, analytical results that can be used to compute the mean transmit power and the overhead cost are detailed, where the derivation is given in the Appendix. Impacts of lowering the GRPR on the transmit-power reduction and the overhead cost are discussed in Section IV. Finally, Section V concludes the paper.
REVIEW OF POWER-CONTROL ALGORITHM, AND CONDITIONS FOR INVESTIGATION
The power-control algorithm [ l ] is reviewed as follows. At the receiver, the received signal strength in dBm, J,, is measured by the Receiver Signal Strength Indicator (RSSI) and compared against the lower and upper threshold levels in dBm, denoted by J!"' and J!UT', respectively. The lower threshold level specifies the minimum power level that yields an acceptable performance. If J , is lower than J:"', a request to increase the transmit power by A dB is sent from the receiver to the transmitter. If J , is higher than JYn, a request to decrease the transmit power by A dB is issued. The request to increase or decrease the transmit power is communicated to the transmitter through the Link Manager Note that a revision of the Bluetooth specification is required.
Profocol
(LMP). LMP commands of LMP-decrpower-req and LMP-incr-power-req are sent to request a decrease and increase, respectively, of the transmit power. Currently, the content field in each of these LMP commands is assigned with one byte, which is reserved for future use so that its value is not yet defined. Note that in sending a LMP command, a time slot is occupied, correspondingly causing a loss of a voice packet. The specification [ I ] also states that the allowable step size A ranges from 2dB to 8dB and the GRPR, defined by Jj"' -JFT', has a nominal size of 20dB with an accuracy of f6dB.
The conditions of interest that we consider for investigation are summarized in Table I . The corresponding ones for the current Bluetooth standard [I] are also listed for reference. We consider two sets of GRPR recommendations, namely, 15dB i 6dB and lOdB i 6dB, wherein the i 6 d B is the GRPR accuracy (or tolerance allowed in practical implementation), and the figures 15dB and lOdB are nominal values under consideration. Note that the GRPR accuracy considered here is the same as the one used in the current specification. We also consider utilizing the reserved byte in the content field of the LMP commands LMP-decr-power-req and LMP-incr-power-req. It is assumed that n, bits in the reserved byte are used to indicate that it is preferred to increase or decrease the transmit power by N , A dB, where N , (1 5 N , 5 2"') is the value contained in the n, bits4 It is apparent that this arrangement can reduce the number of LMP commands made to request power adjustment so that the overhead cost can be decreased. Notice that in the special case of n, = 0, the reserved byte
The specification also mentions that the reserved byte could be used in a similar manner in the future [I, pp. 27.31, although currently its use is not yet defined.
is not used and this case reduces to the one for the current Bluetooth system. Also note that it is not necessary to use different values of step size A to speed up the convergence. Therefore, we consider only the case that A = 2dB.
ANALYTICAL RESULTS
We assume that power control is used to compensate for the path loss and shadowing but not for fast fading. In Bluetooth systems, fast fading can be more easjly compensated for by frequency hopping. The mean received power J , , obtained by averaging the received power measured over a sufficient number of frequency hops, is then used to determine if an increase or decrease of transmit power is rcquired. Lognormal shadowing is considered. The shadowing depth, viz., the dB standard deviation of lognormal shadowing, is denoted by udE. In indoor communications, typical values of -sdB range from 3dB to 6dB [2].
The power-control algorithm can be modeled by a Markov chain. Its analysis is given in the Appendix. It is found that for udE within 3dB and 6dB, a unique solution of the stationary state probabilities can be obtained, indicating that an equilibrium independent of initial conditions. (i.e., initial setting of transmit power) is reached. The stationary state probabilities are used to compute the mean transmit power and the overhead cost. In the Appendix, it is shown that the dB value of mean transmit power (F) above the minimum one required in the absence of shadowing (W,@"")), bB, is given by where q({) is the stationary state probability, conditioned on c, for the state i , and M and M' are given by (14) and (15), respectively, in the Appendix. We mention that W,cmi") is independent of the choice of GRPR (see Appendix), so that comparison among bB values for different GRPRs is indicative to the transmit-power reduction achieved for a given GRPR with respect to the reference GRPR of ZOdB, which is currently adopted in the specification [I] . It is also shown that the mean number of LMP power-control commands required in response to a channel change due to shadowing, G , is computed by where pi,i.. given by (16) in the Appendix, is the transition probability from state i to state i', and r.1 is the ceiling function. Let Tcoh be the coherence time of lognormal shadowing, and assume that the channel changes as a result of shadowing after a time of T,,, . The overhead cost, C , , , can be estimated by
where 'ITpr is the packet repetition rate of the Bluetooth device.
Measurement results of [3] have shown that the normalized correlation of shadowed components observed in indoor communications drops to 0.5 at a distance of approximately 2m. Making a reasonable assumption that the Bluetooth device used inside buildings moves at a speed of at most 2ms-', we consider that Tcoh = Is in the computation of C,,, giving a worst-case value in the overhead cost. For voice transmission in Bluetooth systems, synchronous connection oriented (SCO) links are used. Since the maximum number of SCO links that can be supported in a piconet is three, we consider the situation that three SCO links can be established (giving the largest T,, and hence resulting in the worst-case overhead cost). It follows that Tpr = 625ps x 2 x 3 = 3.7ms.
We should mention that the computed values of bB and Cpc can be affected by the choice of M and M ' , which depends on the maximum (J,,,,) and minimum (J,,mi,,) output power levels of the Bluetooth device as seen from (14) and (15). Since our objective is to investigate the effects of different GRPRs rather than the variation of J,,,, or Jr,min on the transmit power and overhead cost, we consider the case that J,,,,, and J,,,i,, respectively, are sufficiently high and low such that their effects on and C,, are negligible. In the computation of numerical results that follow, we use J,,,,, = J j " ' Table2. Transmit-powerreduction forGRPR= lOdB GRPR of lOdB or 15dB is used instead of 20dB, wherein the transmit-power reduction is computed as the difference of the kB values for the case of GRPR = 20dB and the other case that is considered. When GRPR = 15dB, only a modest reduction of about 2dB in the mean transmit power is obtained. A greater reduction of more than 4dB in most cascs of udB can be achieved if the GRPR is reduced to IOdB. This reduction is quite substantial. In addition, since it is more than 3dB, it leads to a possibility of doubling the battery support life for indoor cordless phones. Therefore, we focus our interest on the case that the GRPR is set at a nominal value of lOdB with an accuracy of fhdB. and 15dB. Transmit-Power Reduction (dB) GRPR= lOdB GRPR = 15dB udB = 3dB udB = 4dB udB = 5dB udB = 6dB 3.84 2.06
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Iv. NUMERICAL RESULTS AND DISCUSSION B. Selection of nB Table 3 lists the values of F for GRPRs of IOdB and Fig. 1 plots the values against GRPR (4dB -26dB) for different udB ranging from 3dB to 6dB. Note that the range of 4dB to 26dB for GRPR covers the cases we are interested in, Le., GRPRs of 20dBf6dB, 15dBMdB and IOdBi6dB. It is apparent that a smaller GRPR yields a lower bB, indicating that the required mean transmit power is decreased by reducing the GRPR. The rate of reduction in mean transmit power is about 0.45dB per one dB reduction in the GRPR. Table 2 lists the transmit-power reduction for different cdB when a 20dB against different values of udB and na. As expected, more power-adjustment requests are required if the GRPR is reduced from 20dB to lOdB, and a higher number of requests are needed when the channel is subjected to more severe shadowing (with a higher udB). It is also apparent that for a given selection of udB and GRPR, the value of in a case of non-zero na is always lower than the one in the case that nB = 0. This result demonstrates that transmitting the preferred number of steps for power adjustment is effective to reduce the = 8 yields no improvement over using nB = 4. This observation indicates that it is sufficient to use only four .bits in the reserved byte to encode the preferred number of steps, whereas using a higher number of bits is not effective to further reduce the overhead cost due to 
A. Transmit-Power Reduction

C. Overhead Cost due to Power Control
Since the overhead cost is a result of data packets being used for power-adjustment requests rather than for voice transmission, it can be interpreted in a manner similar to the outage probability. (Outage is an event that the link is not unusable due to unacceptable link performance.) For voice transmission, the outage probability is usually set at 1% [4], [5] . Therefore, we consider a overhead cost of I% as a reference above which the link performance is considered unsatisfactory. Fig. 2 plots the values of C,, against GRPR from 4dB to 16dB
for nB E ( 0 , 4 ) and udB E {3dB, 4dB, 5dB, 6dB). Consider first the case that the reserved byte is not used, i.e., n, = 0. It is apparent that although the overhead cost is less than about I% over the entire range of GRPR under consideration and for all cases of udB. the value of Cpc at udB = 6dB is close to 1% as the GRPR approaches 4dB. It follows that if a GRPR of lOdB f 6dB be used in Bluetooth-enabled indoor cordless phones, the link performance might become barely acceptable in some situations. The overhead cost can be reduced by utilizing the reserved byte in the LMP power-control commands. In the case of ns = 4, it is apparent that Cpc can be reduced to be less than about 0.3%. This improvement enables class-.,. !,.. , . . . . 1 Bluetooth equipment for indoor cordless telephony to achieve better voice quality and more-robust link performance.
We have shown that the mean transmit power of class-I Bluetooth devices for indoor cordless telephony can be further reduced by using a GRF'R smaller than POdB, the nominal value specified in the current specification. In addition, it has been found that more than 4dB reduction in the mean transmit power can usually be obtained if the GRPR is lowered from 20dB to 10dB. This advantage of hrther transmit-power reduction has motivated us to investigate the overhead cost for power conirol if the GRPR is set at a nominal value of lOdB with a Jolerance of f6dB. If the reserved byte in the LMP power-control command is not used, numerical results have shown that the overhead cost is less than about 1% but it becomes close to 1% as the GRF' R approaches 4dB, the lower limit in the allowable range of GRPR. In some situations, the link performance might be barely acceptable for voice transmission. Using the reserved byte to include the preferred number of power-adjustment steps in a LMP command allows a reduction of the overhead cost. Numerical results have shown that one only needs to use four bits in the reserved byte to encode the number of steps, and using more bits is not effective to further reduce the overhead cost. For the case of using four bits, the (worst-case) overhead cost is reduced to about 0.3%. With this arrangement of utilizing the reserved byte in the LMP power-control command, and by lowering the GRPR from 20dB to IOdB, the mean transmit power can be reduced while the voice quality can be maintained to be acceptable.
APPENDIX. MARKOV ANALYSIS OF THE POWER-CONTROL ALGORITHM
In the presence of lognormal shadowing, the mean received power in dBm is given by
where J , is the transmit power in dBm, and G is the channel gain modeled by a lognormal random variable. Let ,udB and odB be the mean and standard deviation, respectively, of IOlog,, G . It follows that
where U is a standard normal random variable. The mean channel gain, E, is given by [6] lognormal shadowing, the minimum transmit power in mW required to achieve an acceptable performance, W,(~n', is computed by
Note that is independent of the choice of GRPR. We wish to compute the mean transmit power in the presence of shadowing, F, and compare it to W,@'""). That is, we evaluate
Consider a Markov model with states numbered from -M' to M where M' and M are to be determined. Let
The state i refers to the case that J , is in the range J , E Hi, where
and (12)
Assume that the shadowing is slowly varying such that the power-control mechanism can successfully respond to it. If J , E G,, the power-control algorithm drives the transmit power to increase by nA dB in order that the adjusted J , is within J!LT) and J!un, It follows that the system is transited from the state i to the state i + n unless the transmit power reaches the maximum. In this case, the system reaches the terminating state, i.e., the state M . Thus, M can be determined from the maximum output power of a Bluetooth device. Similar reasoning applies if J , E F,,. Let J,,,,, and J,,,, be the maximum and minimum output power levels in dBm, respectively, of the given by Ts = 
pi,i.,=Pr{J, EF,IJ, sHi}, I < n S M ' t i -l , Substituting ( 5 ) , (9) and (13) into (16a)-(16d) yields tribution is not unique. We find that this situation occurs when cdB is too low (less than 2dB). This situation is not dealt with in this paper as the range of udB of interest is 3dB-6dB. Note that the uniqueness and existence of Ps implies that the distribution of transmit power is independent of the level of initial transmit power.
We model that < is a uniform random variable over assumption that when the system is transited to an end state (state M or state M ' ) , the extra LMP command that requests the transmit power to go beyond J / " ) or J!'"'") has a negligible effect on the resultant g.
where Q(x) = (27r-'/'J;" e-"/'dt 1s ' the tail probability of the standard normal distribution, and S = (Jr"' -JjLT')/A .
